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Abstract. 

We investigate the excitation of the 51)5/2 level in Rb atoms using counter- 
propagating laser beams, which are nearly resonant to the one- photon 55i/2 ~^ 
5P3/2 a^nd 5P3/2 ~^ 5^5/2 transitions, ensuring that a sum of the optical 
frequencies corresponds to the 551/2 ^ 5^5/2 transition. The excitation 
produced by two-photon and step-wise processes is detected via spontaneously 
emitted fluorescence at 420 nm arising from the 6P3/2 — > 5Si/2 transition. The 
dependences of blue fluorescence intensity on atomic density and laser detuning 
from the intermediate 5P3/2 level have been investigated. The sensitivity of the 
frequency detuned bi-chromatic scheme for atom detection has been estimated. 
A novel method for sum frequency stabilization of two free-running lasers has 
been suggested and implemented using two-photon Doppler-free fluorescence and 
polarization resonances. 



PACS number: 39.90.-|-d,03.75.Be,39.25.-|-k,07.55.-w 
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1. Introduction 

Optical detection of a few atoms relies predominantly on signals generated by 
spontaneously emitted photons [1] . While a resonant laser radiation facilitates optical 
excitation, it can also readily produce a large background due to scattering of light 
from optical elements. If the weak signal and the unwanted scattered light are not 
spectrally separated then heroic efforts must be undertaken to obtain a reasonable 
signal-to-noise ratio while ensuring the high collection efficiency of spontaneously 
emitted photons that is crucial for quantum information experiments [5]. This may 
become unrealistic for fluorescence imaging of single atoms located near surfaces on 
atom chips or in the microscopic pyramidal magneto-optical traps [3]. 

An alternative approach is to utilize two-photon excitation to access higher laying 
atomic states which decay by emitting photons with sufRciently different frequency. 
For example, in rubidium atoms the two-photon transition bSi/2 — >• 5Z) (Fig. [1^) can 
be realized using laser radiation at 778 nm, while subsequent decay via the 6P3/2 and 
6P1/2 levels yields spontaneously emitted light at 420 nm, which can be effectively 
separated from the applied laser radiation using color or interference filters. The 
intermediate 5P3/2 energy level, situated nearly half-way between the 55*1/2 and 51? 
levels, makes this two-photon transition strongest amongst alkali atoms. 

The two-photon transition 551/2 ~^ 5-D5/2 in Rb atoms 0] has found a wide range 
of applications. Due to a relatively long natural lifetime of the level (-^240 ns) 

the two-photon transition 55i/2(i^ = 3) ^ 51)5/2 (F" = 5) in ^^Rb, where F and F'" 
are the total angular momenta, was recommended as a secondary frequency reference 
[6| . Also this transition was suggested to be used for transferring long-term frequency 
stability to the telecommunication spectral region at 1.5 /im j^. The two-photon 
transition was employed for studying the excitation transfer between the Rb bD fine- 
structure levels in collisions with ground-state atoms [S]. This scheme was also used 
to populate the 51? level in a magnetic trap whereby photoionization and subsequent 
ion detection yielded atom counting capability |10j . The two-photon excitation to the 
5i?5 /2 level was probed, in addition to blue fluorescence, by the polarization rotation 
of the laser light due to the induced optical anisotropy of the medium |9| . 

More efficient transfer of atoms from the 55i/2 to 51)5/2 levels and, consequently, 
more intense blue fluorescence can be obtained using a bi-chromatic excitation scheme, 
which employs radiation resonant to the one-photon transitions 5S'i/2 — > 5P3/2 and 
5-P3/2 ~^ 5D5/2, ensuring that the sum frequency of the two laser flclds {ui -\- 
U2) equals to the two-photon transition frequency. In this case, in addition to the 
enhanced two- photon excitation rate due to proximity of the intermediate level 5P3/2, 
there is another process, step-wise excitation, which plays an important role when 
the frequency detunings of the applied radiation from the one-photon transitions are 
comparable with inhomogeneous broadening of the transition. 

The bi-chromatic excitation scheme has received a lot of attention. If the 
intermediate state 5P3/2 is coupled by both components of the bi-chromatic radiation a 
good signal-to- noise ratio of Doppler-free spectra of the Rb 5D5 /2 level can be obtained 
even in a room temperature vapour |12| . The bi-chromatic excitation scheme has been 
used for in situ imaging an ultracold atom cloud by measuring absorbtion at 776 nm 
or by observation of the 420 nm fluorescence [Ml [17] . Electromagnctically induced 
transparency (EIT) in cascade atomic system, when the absorption of a probe beam 
resonant to the lower cascade transition is reduced under the action of a coupling 
beam resonant to the higher transition, has been studied |11) . 
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Figure 1. a) Energy level diagram for the optical transitions in Rb atoms used 
in the experiment, b) Schematic of the spectroscopy setup. 



It is worth noting that the co-propagating instead of counter-propagating scheme 
of the bi-chromatic excitation of the Rb 5D5 /2 level allows an optical field generation 
at 420 nm, which is both spatially and temporally coherent [TU [El [20]. Taking 
into account that detection of the two-photon 55*1/2 ~^ monochromatic 
excitation based on the stimulated emission at 776 nm was recently demonstrated 
PT| . possible applications of coherent light at 420 nm for atom detection deserves a 
detail consideration. This will form the subject of a subsequent paper. In this paper 
we study bi-chromatic excitation of rubidium atoms in a vapour cell by nearly-resonant 
laser radiation with a subsequent detection of spontaneously emitted blue fluorescence 
paying a particular attention to the case when the laser frequency detuning is larger 
than the inhomogeneous broadening of the Rb D2 absorption line. 

This paper is structured as follows. In Section 2 a description of the experimental 
apparatus is given along with the methods for acquiring and comparing step- wise and 
two-photon processes. Section 3 presents measurements of the blue fluorescence as a 
function of laser frequency detunings from single-photon transitions. The fluorescence 
signal behavior with laser intensity, polarization and atomic density along with 
detection capability of this method is discussed. In Section 4 a novel sum-frequency 
locking of two free- running lasers to the 55i/2 — >■ 5D^/2 transition in Rb atoms is 
considered. Doppler-free fluorescence or dispersive-type polarization resonances are 
used as frequency references for the sum frequency stabilization. 

2. Excitation scheme and experimental setup 

The two-photon excitation of Rb atoms in a vapour cell is produced by a bi-chromatic 
laser radiation whose components at 780 nm and 776 nm are near-resonant to the 
one-photon transitions 55*1/2 5P3/2 and 5P3/2 — )■ 5i?5/2 respectively. The relevant 
energy levels and optical transitions are depicted in Fig. [1^. After excitation to the 
5D5/2 level, 65% of Rb atoms spontaneously decay back to the 5P3/2 level, while the 
remaining atoms decay flrst to the 6P3/2 level and then to the ground state emitting 
blue photons at 420 nm [52]. Counter-propagating geometry of the applied laser 
beams results in much stronger blue fluorescence because of partial Doppler shift 
compensation for laser beams with close wavelengths [Hj. Blue fluorescence and a 
signal proportional to the rotation of the polarization of the 776 nm laser beam passed 
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through the atomic media are used for detecting the two-photon excitation. 

The scheme of the apparatus is shown in Fig.[T]D. Two home-built external cavity 
diode lasers supply output powers of approximately 20 mW at 780 nm and 776 nm . 
The absolute frequency and the scan range of the 780 nm laser is evaluated based on 
Doppler-free absorption spectra obtained from an ancillary Rb cell and transmission 
resonances of a tunable low-finesse Fabry-Pcrot cavity (FPCl). The frequency of the 
776 nm laser is monitored with another low-drift Fabry-Perot cavity (FPC2) with the 
free spectral range of 710 MHz and spectroscopic signals from the 6P3/2 ^ 5D5/2 
transition. 

The excitation occurs in a vapour cell which contains natural mixture of both 
^^Rb and ^^Rb isotopes without any buffer gas. The interaction region from which 
the fluorescence is collected is in the center of the 50 mm long cell. A specially 
designed heating/cooling thermoelectric element based on the Peltier effect allows 
varying the cell temperature from 10 to 70 *'C. Thus, atomic density estimated 
based on the temperature measured in the coldest part of the cell is in the range 
(2 X 10^ < < 7 X 10" cm-3) [15]. 

The counter-propagating laser beams are parallel or focused to waists of 
approximately 250 ^m. Control of the polarization and intensity of the laser beams 
is achieved using polarizing beam splitters and wave plates not shown in FiglTjD 
for simplicity. A 420 nm bandpass interference filter and colour filters ensure that 
only blue fluorescence is detected by the Hamamatsu photomultiplier tube (PMT). 
Spectroscopic signals are recorded and processed using a digital oscilloscope and a 
computer. Amplitude fluorescence noise uncorrelated to laser frequency is reduced 
by applying signal averaging over 32 or 64 periods of frequency scans. In order to 
further increase the signal-to-noise ratio a lock-in amplifier is used. Both amplitude 
and frequency modulation methods with corresponding modulation frequencies of 700 
Hz and 10 kHz are employed. 

3. Results and discussion 

3.1. Two-photon resonances on the 55*1/2 ^ 5I?5/2 transition 

To demonstrate the whole spectrum of the blue fluorescence arising from the 55*1/2 ^ 
5D5/2 transition in Rb vapour under the nearly-resonant bi-chromatic excitation a 
wide frequency scan of the 776 nm laser is applied, while the fixed frequency 780 
nm laser is tuned to the spectral region between the *^Rb absorption lines on the 
^Si/2{F = 3) ^> 5P3/2 and 5Si/2{F = 2) ^ 5P3/2 transitions. Figure [2] shows four 
resonances of blue fluorescence, which occur when the sum frequency of the two lasers 
(vi -\- V2) is equal to the frequencies of the transitions started from each ground- 
state sublevel of the both Rb isotopes to the 5D5/2 levels. The strongest fluorescence 
resonance corresponds to the excitation of ^^Rb atoms from the 55*1/2 (-F = 3) level. 
The relative amplitudes of fluorescence resonances depend on the frequency offset of 
the 780 nm laser from the one-photon transitions within the Rb D2 absorption line. 
This issue is considered in the next subsection. Insert shows the 10-times amplified 
fluorescence feature attributed to the excitation of *^Rb atoms from the 55i/2(F = 1) 
ground-state sublevel. 

The hyperfine structure of the 5D^/2 level remains unresolved due to the fast 
wide-range laser frequency scan, however, with a smaller frequency scan every peak 
of blue fluorescence presented in Fig. [2] reveals a structure. As an example. Fig. [3] 
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Figure 2. The bi-chromatic two-photon excitation of Rb atoms in a vapour 
cell. Curve represents blue fluorescence signal as a function of the 776 nm laser 
frequency scanned in the vicinity of the 5P3/2 ~^ transitions, while the 

fixed frequency 780 nm laser is approximately 1.2 GHz blue detuned from the 
55i/2(F = 3) ^ 5P3/2(F' = 4) transition. 

demonstrates blue fluorescence obtained with ^"^Rb atoms excited from 5Si/2{F = 1) 
and 55*1/2 (F = 2) ground-state sublevels, respectively, as a function of frequency 
detuning of the 780 nm laser from the 55'i/2(i^ = 3) — ^P^/2{F' = 4) transition 
in ^^Rb. The spectrum of blue fluorescence shown in Fig. [3^ is obtained when the 
fixed frequency 776 nm laser is blue detuned by approximately 5.7 GHz from the 
5-P3/2 ~^ 5-C>5/2 transition, while Fig. demonstrates spectral dependence of blue 
fluorescence with 1.1 GHz red-detuned laser frequency from the same transition. 

The selection rule for two-photon transitions (Ai^ < 2) allows three transitions 
from the lower ground-state sublevel hSi/2{F = 1) and four transitions from the 
higher ground-state sublevel 55'i/2(F = 2) to the 5D5/2(F" = 1,2,3,4) levels. 
Figure |3] demonstrates well resolved hypcrfine structure of the 5^-D5/2 level. The 
frequency intervals between peaks, measured using a frequency scale that is provided 
by the saturated absorption spectrum on 55*1/2 (-F = 3) — 5P3/2 transitions recorded 
simultaneously in the axillary cell reference, correspond within 10% to the frequency 
splitting of the 5155/2 level [12]. The discrepancy is due to non-linearity of the laser 
frequency scan. 

The width of the fluorescence resonances depends on frequency detuning from 
the intermediate 5P3/2 level. The ultimate linewidth of the Doppler-free resonances 
produced by the monochromatic two-photon excitation is defined solely by a sum of 
the initial and final states lifetime 75 4- 7d, where is jd — 2tt x 0.66 MHz and 
7s is determined by the time-of-flight of atoms across the interaction region. In 
the bi-chromatic scheme these resonances are broadened approximately by ~ 
1)Ad « 2.5 MHz due to a mismatch in Doppler shifts arising from the frequency 
difference of the two optical fields [12] . 

If {vi — vq) < Au then the step- wise excitation process through the intermediate 
5F3/2 level contributes to the excitation of the 5£'5/2 level. This process results 
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Figure 3. Two-photon excitation of *''Rb atoms from (a) the 551/2 = 1) to 
5Dg/2(i^" = 1,2,3) and from (b) 5Si/2(F = 2) to SDg/aCF" = 1,2,3,4) levels. 
Curves (i) represents the normalized blue fluorescence as a function of the 780 nm 
laser detuning from the 5Si/2(^ = 3) — > 5P3/2(^' = 4) transitions in *^Rb. The 
saturated absorption resonances (curves (ii)) obtained in the axillary cell serve as 
frequency references. 



in larger liiicwidth because jp 3> 7d, where 7p is the natural linewidth of the 
intermediate 5P3/2 levels. Thus, the width of the Doppler-free fluorescence resonances 
depends on a ratio between two processes. Theoretical modeling of the corresponding 
excitation in Cs atoms j23j shows that the contribution of the two-photon process 
prevails at high power. The typical FWHM of experimentally observed fluorescence 
resonances (Fig. [3]) is approximately 6 MHz, that lies between the two-photon and 
step-wise limits, taking into account that power broadening is stronger for the step- 
wise process. Laser linewidth and magnetic field broadening in the unshielded Rb cell 
also contribute to the observed width. The shape of the peaks is slightly different to 
the Lorentzian profile that suggests a presence of distinctive broadening mechanisms. 

3.2. Blue fluorescence dependence on laser detuning 

We use a double frequency sweeping technique to explore the fluorescence amplitude 
dependence on frequency detuning from the intermediate 5P3/2 level. This 
technique allows quick data acquisition that eases requirements for stability of major 
experimental parameters. The 780 nm laser is slowly scanned with sweep frequency /i 
across a few GHz wide region, while the other laser is swept much faster, with sweep 
frequency /2 (/2 ^ /i), relative to the position where the sum optical frequency 
(vi + U2) equals to the frequencies of the transitions from the ground state to the 
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Figure 4. a) Curves (i) and (ii) show the evolution of the maximum fluorescence 
signal obtained on the 5Si/2{F = 3) — > 5D^/2 ^^'^ 55'i/2(^ = 2) ^ 
transitions in *^Rb and *^Rb, respectively. Slow 0.5 Hz scan of the 780 nm 
laser frequency in across the 5Si/2(F = 2) — >■ 5P3/2 transitions in ^'^Rb is 
superimposed on fast 50 Hz sweep of the 776 nm laser. The yellow lines are visual 
representation of an evolution of peak fluorescence, b) Peak blue fluorescence 
of *^Rb atoms excited from the 5S-i/2{F = 3) level to the 5Dr^^2{F" = 5) 
level as a function of the 780 nm laser detuning to lower frequencies from the 
5Si/2(^ = 3) — > 5P3/2(^' = 4) transitions. Insert presents the fluorescence 
amplitude vs. detuning in double-logarithmic scales. 



5D5/2 level. Thus, the two-photon excitation condition is met /2//1 times during 
the 780 nm laser scan. This results in appearing a set of fluorescence profiles shifted 
in frequency of the 780 nm laser. The TDS3012 digital oscilloscope used for data 
acquisition is capable to record the whole set of traces. 

As an example, Figure shows the peak fluorescence evolution obtained by the 
double sweeping technique. The excitation of *^Rb atoms from the 55*1/2 (F ~ 2) 
level occurs in the spectral region I, which is red-shifted from the Doppler broadened 
absorption line observed in the axillary cell on the 5Si/2{F = 2) — i> 5P3/2 transitions 
in ®^Rb. The excitation of ^^Rb atoms from the 5Si/2{F = 3) level takes place in 
the spectral region II, which spectrally coincides with the blue-frequency slope of the 
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Figure 5. The amplitude of the blue fluorescence resonance of ° Rb atoms on 
the 5Si/2{F = 2) — ^ 5^5/2 (-'^" = 4) transition as a function of atomic density 
in the vapour cell. Squares represent the direct measurement of the amplitude of 
the PMT signal, while circles show the lock-in amplified signal (time constant is 
100 ms) when amplitude modulation at 700 Hz is applied. 

same ®^Rb absorption line. The spectral position and the width of the regions shows 
that the 776 nm laser is blue-detuned with respeet to the 5P^/2 — > 5D5/2 transitions 
and that the detuning is swept from 0.5 to 1.35 GHz. 

The systematic measurements of fluoreseenee dependence on laser detunings are 
performed on the 5Si/2{F = 3) — > 5D^/2 transitions in ^^Rb. The vapour cell 
temperature is chosen to be 63 °C {N ~ 4 x 10^^ cm"'^). As the laser beams are 
focussed inside the cell, the maximum light intensities at 780 nm and 776 nm are 
6.5 W/em^ and 0.9 W/cm^, respectively. These values are much higher than the 
saturation intensity for the both one-photon transitions. 

Linear fit of experimental points plotted in the log-log scale and shown in insert 
of Fig. 1313 reveals that the slope is equal to -1.98. This means that the fluorescence 
amplitude varies inversely proportional to the square of the frequency detuning in 
this spectral region. Despite strong saturation of the single-photon transitions in 
our experiment, the dependence is in a good agreement with well established theory 
that describes the spectral lincshape of bi-chromatic two-photon excitation in the low 
saturation limit [Ml [12], which predicts (i^i — z^o)~^ dependence for the excitation rate. 
At larger frequency detuning the fluorescence amplitude decays slower, as (i^i — I'o)^", 
where a ~ 1.6 . 

3.3. Atomic density dependence and detection sensitivity 

The atomic density dependence and sensitivity of the method for atom detection are 
investigated by using signals from the PMT, which are directly recorded or preliminary 
selectively amplified by a lock-in amplifier. In the latter case either amplitude or 
frequency modulation of the laser radiation at 780 nm are applied. A mechanical 
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chopper provides 100% amplitude modulation of the laser beam at 700 Hz, while for 
the frequency modulation a voltage at 10 kHz is applied to the laser cavity PZT. 

To ensure predominantly two-photon nature of the 5D^/2 level excitation, the 
780 nm laser is red detuned from the strongest 55*1/2 (F = 2) ^Paf-iiF' = 3) 

transition in ^^Rb atoms. To keep the laser frequency detuning constant during a 
rather long period of time, required for changing the atomic density from 2 x 10^ 
to 7 X 10^^ cm~'^, the following procedure has been used. One transmission peak 
of the FPCl cavity is tuned to coincide with the Doppler-free absorption resonance 
on the 5Si/2{F = 2) — >■ 5P2/2{F' = 3) transition obtained in the auxiliary cell, 
and then the laser frequency is locked to the next transmission FPCl peak, which 
is red-detuned on a free spectral range of the cavity. The position of the reference 
resonance is checked from time to time insuring that the 780 nm laser frequency is 
kept detuned on approximately 710 MHz, which is FSR of the FP cavity, from the 
5Si/2{F = 2) ^ 5P3/2(-F" ~ 3) transition. The 776 nm laser is scanned across the 
5-P3/2 ~^ 51^5/2 transitions. 

Using direct detection we are able to detect the blue fluorescence signal with the 
signal-to-noise ratio approximately 1 at vapour temperature as low as 10 '^C at which 
the atomic density of saturated Rb vapour is 2 x 10^ cm~^. The signal-to- noise ratio 
is estimated using an averaged amplitude of the fluorescence signal normalized on the 
RMS voltage observed for off-resonant laser frequencies. 

Figure [5] demonstrates the derived atomic density dependence of the detected 
fluorescence when intensities of the 780 nm and 776 nm beams in the center of 
the cell are equal approximately 180 mW/cm^ and 300 mW/cm^, respectively. As 
expected, the fluorescence signal grows steadily with atomic density. Linear fit to 
experimental data presented in double-logarithmic scale reveals that the directly 
observed fluorescence signal is practically proportional to atomic density, while the 
lock-in processed signal grows slightly faster. 

The amplitude and frequency noise of laser light and frequency noise of the 
detection system limit the detection capability of the method. Signal averaging 
can increase the signal-to-noise ratio; however, a number of averaging is limited by 
frequency stability of the both lasers. Taking into account the FWHM of fluorescence 
resonances (~6 MHz) and the typical drift of the FP cavity reference resonance due to 
temperature and pressure instability (0.4 MHz/sec), we can conclude that averaging 
the signal over 32 periods of 50 Hz scans of the 776 nm laser is tolerable because 
during this time interval (0.64 sec) the drift of the 780 nm laser stabilized over the FP 
cavity is less than 5% of the FWHM of the fluorescence resonance. Thus, averaging 
results in more than 10-fold reduction of the noise uncorrelated with laser scanning 
and at the same time does not significantly distort the width of recorded spectra. 

In order to be in linear regime of the PMT for the whole range of atomic densities, 
blue fluorescence is recorded at the lowest available PMT voltage. Higher PMT voltage 
within certain limits can also improve the signal-to-noise ratio. At least 200-fold 
increase of the signal under the same noise level can be obtained in our experimental 
conditions. Altogether with averaging the signal this could allow us to detect atomic 
density lower than 2 x 10^ cm~^. An estimation for the volume of the interaction 
zone, which in our case is 0.35 cm~'^, leads to a conclusion that a detection threshold 
is approximately 7 x 10^ atoms. 

An improvement of the detection capability can be accessed by applying an 
amplitude modulation and a lock-in amplification. Our estimations based on measured 
spectra of the amplitude noise of fluorescence signals show that signal-to-noise ratio 
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can be increased by a factor of 750 and 2000 for the integration time of 100 ms 
and the modulation frequency of 700 Hz and 10 kHz, respectively. Ultimately the 
detection threshold is reduced to approximately 1000 Rb atoms in the interaction 
volume. This result can be further improved primarily by better collection of emitted 
blue fluorescence (in our case the collection efficiency is approximately 1.8%) and 
longer, up to minutes, signal averaging accessible by better laser stability. Optical 
pumping through the Di line could increase a number of atoms on a resonant sublevel 
and therefore increase the fluorescence signal intensity. 

4. Sum frequency locking of two independent lasers 

As Doppler-free fluorescence resonances occur when the sum frequency of the two lasers 
(ui + 1/2) is equal to frequencies of the 55*1/2 ^ 5D5/2 transitions, they can be used 
as a reference for sum frequency stabilization using a single servo system. The similar 
idea has been implemented with two independent lasers locked to a narrow CPT-type 
absorption resonance ( A- resonance) , which is also has the two-photon origin, however, 
in that case the locking results in differential frequency stabilization |26j . 

The sum-frequency locking of two lasers can be implemented using a standard 
locking technique based on the frequency modulation and the lock-in amplification 
and one of the sub-Doppler fluorescence resonances shown in Fig. [3] It makes no 
difference whether the feedback applied to the 780 nm or 776 nm lasers and which laser 
is modulated. The sum frequency (z^i -I- V2) can be stabilized even if one laser is free 
running. Once the lock is engaged the servo system compensates random frequency 
excursions of the free-running laser by changing correspondingly the frequency of the 
stabilized laser to keep the sum frequency fixed. 

To demonstrate the direct sum frequency stabilization using one servo system, 
the 780 nm laser is approximately 600 MHz blue detuned from the 55*1/2 = 2) ^ 
5P3/2(i^' = 3) transition in ^''Rb, while frequency of the 776 nm laser is tuned in a 
such way that an excitation of ^^Rb atoms to the 5-D5/2(i^" ~ 4) level occurs. 

Using a PID servo system which provides only slow feedback (from DC to 
1 kHz) to the piezo-electric transducer that controls the 780 nm laser cavity, the 
sum frequency instability estimated from the error signal approximately equals to 240 
kHz. This value corresponds to the relative instability (5z//(i/i -I- 1^2) of 3.6 x 10~^°. 
The sum frequency instability can be essentially reduced by a proper optimization of 
the reference line and by locking of the free-running laser to a tunable FP cavity. The 
suggested and demonstrated sum frequency stabilization could be useful for Rydberg 
atoms excitation experiments |27j and in intervening spectral regions devoid of strong 
atomic transitions. As the blue fluorescence signal depends on frequency detuning, 
this can then be used to derive an absolute frequency of the 780 nm laser in the vicinity 
of the Rb D2 line. It is envisaged that this could form a basis for an additional level 
locking scheme based on the amplitude of the fluorescence resonance. 

Polarization spectroscopy of the 5P^/2 — > 5I?5/2 transition in Rb 

Even small frequency modulation applied for frequency locking results in additional 
broadening of the laser linewidth, which is often undesirable. A dispersive-shaped 
polarization resonance is an ideal reference line for the modulation-free frequency 
locking. 
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Figure 6. Polarization spectroscopy of the 55i/2(^ = 2) — ^ 51)5/2 transition in 
*^Rb. Curves (i) and (ii) represent blue fluorescence and the intensity of light at 
776 nm transmitted through the cell and the almost crossed polarize, respectively, 
as a function of the frequency detuning of the 776 nm laser. 



The polarization rotation of resonant monochromatic laser light that excites the 
two-photon transition was demonstrated in |28) . and we implement a polarization 
spectroscopy set-up for the bi-chromatic excitation scheme. Considering that 
independent setting of polarizations of laser beams is important for maximizing the 
polarization signals, the bi-chromatic excitation scheme allowing this arrangement 
possesses an obvious advantage compared to the monochromatic excitation scheme. 

In the present experiment, by an analog to the conventional polarization 
spectroscopy of one-photon transitions [25], the 776 nm laser beam analyzes 
birefringence of the Rb vapour induced by the circularly polarized 780 nm laser in 
the vicinity of the 5P3/2 5D5/2 transition. This involves only minor changes to 
the optical scheme presented in Fig. [TJj. The intensity of the linearly polarized 
776 nm laser beam transmitted through the vapour cell and a polarizer is detected 
by a photodiode. When the polarizer is almost crossed the spectral dcpendance of 
the transmitted probe-laser intensity reveals resonances with the well-pronounced 
dispersive shape. To make this signal suitable for sum frequency locking a non- 
resonant DC background should be subtracted using a differential signal from two 
photodiodes The steep slope of the polarization signal, shown in Fig. ??, 

coincides with the top of fluorescence resonance recorder simultaneously on the 
strongest 5S'i/2(i^ = 2) — > 5D5/2(J^" = 4) transition for ^'^Rb atoms. 

5. Conclusion 

We study two-photon and step- wise bi-chromatic excitations of the 51)5/2 level in 
^^Rb and ^^Rb atoms by monitoring blue fluorescence emitted by the atoms decaying 
from the level 6P3/2. The double frequency sweeping technique allows quick data 
acquisition and relaxes requirements for stability of major experimental parameters. 
The dependence of blue fluorescence as a function of atomic density is investigated in 
the temperature range of 10 to 70 °C. 
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The fluorescence ampHtudc varies inversely proportional to the square of the 
frequency detuning from the intermediate 5P3/2 level. Despite strong saturation of the 
single-photon transitions, the dependence is in a good agreement with the theoretical 
prediction of the two-photon excitation rate obtained for the low saturation case. 

The sensitivity of the bi-chromatic scheme for atom detection using direct 
fluorescence observation and lock-in amplification has been estimated. A novel method 
for the sum-frequency stabilization of two free-running lasers has been implemented 
using the Doppler-free two-photon excitation and polarization resonances. The 
estimated value of the relative sum-frequency instability is lower than 4 x 10"^*^. 

Acknowledgments 

This project is supported by the Swinburne University of Technology Strategic 
Initiative grant. 

References 

[1] Hu Z and Kimble H J, 1994 Opt. Lett. 19 1888 
[2] Monroe C, 2002 Nature 416 238 

[3] Pollock S, Cotter J P, Laitotis and Hinds, 2009 Opt. Express 17 14109 

[4] Touahri D, Acef O, Clarion A, Zondy J J, Felder R, Hilico L, de Beauvoir B, Biraben F and Nez 

F, 1997 Opt. Commun. 133 471 
[5] Ncz F, Biraben F, Fcldcr R and Millcrioux Y, 1993 Opt. Commun. 102 432 
[6] Edwards C S, Barwood G P, Margolis H S, Gill P and Rowley W R C, 2005 Metrologia 42 464 

and references therein 

[7] Onae A, Ikegami T, Sugiyama K, Hong F., Minoshima K, Matsumoto H, Nakagawa K, Yoshida 

M, Harada S, 2000 Opt. Commun. 183 181 
[8] Bieniak B, Fronc K, Gateva-Kostova S, Glodz M, Grushevsky V, Klavins J, Kowalski K, Rucinska 

A, and Szonert J, 2000 Phys. Rev. A 62 022720 
[9] Hamid R, getintag M and Qclik M, 2003 Opt. Commun. 224 247 
[10] Kraft S, Gunther A, Fortagh J and Zimmerman C 2007 Phys. Rev. A 75 063605 
[11] Gea-Banacloche, Li Y-Q, Jin S-Z, and Xiao M, 1995 Phys. Rev. Lett. 74 666 
[12] Grove T T, Sanchez- Villcana V, Duncan B C, Maleki S and Gould P L 1995 Physica Scripta 52 
271 

[13] Olson A J, Carlson E J and Mayer S K, 2006 Am. J. Phys. 74 218 
[14] Bjorkholm J E and Liao P F, 1976 Phys. Rev. A 14 751 
[15] KiUian T, 1926 Phys. Rev. 27(5), 578 

[16] Sheludko D V, Bell S C, Vredenbregt E J D and Scholtcn R E, 2007 J. Phys. Con. Ser. 80 
012040 

[17] Ohadi H, Himsworth M, Xuereb A and Freegarde T, 2009 Opt. Express 17 23003 

[18] Mcijer T, White J D, Smects B, Jeppesen M and Scholten R E, 2006 Opt. Lett. 31 1002 

[19] Akulshin A M, McLean R J, Sidorov A I and Hannaford P, 2009 Opt. Express 17 22861 

[20] Vernier A, Franke-Arnold S, Riis E and Arnold A S, 2010 Opt. Express 18 17026 

[21] Sanguinetti S, Mure E and Manguzzi P, 2007 Phys. Rev. A 75 023408 

[22] Heavens O S, 1961 L. Opt. Soc. Am. 51 1058 

[23] Kargapol'tsev S V, Velichansky V L, Yarovitsky A V, Taichenachcv A V, and Yudin V I, 2005 

Quantum Electron. 35(7), 591 
[24] Pearman C P, Adams C S, Cox S G, Griffin P F, Smith D A and Hughes I G, 2002 J. Phys. B: 

At. Mol. Opt. Phys. 35 5141 
[25] Demtroder W, 1998 Laser Spectroscopy 2nd Edn (Berlin: Springer) 
[26] Akulshin A M, Celikov A A, VeUchansky V L, 1991 Optics Commun. 84 139 
[27] Shannon; Rydber atoms 

[28] Hamid R, Qetintas M, Qelik M, 2003 Optics Commun. 224 247 
[29] Harvey K C and Stoicheff B P, 1977 Phys. Rev. Lett. 38 537 



